This article describes a photocatalytic nanostructured anatase coating deposited by cold gas spray (CGS) supported on titanium sub-oxide (TiO 22x ) coatings obtained by atmospheric plasma spray (APS) onto stainless steel cylinders. The photocatalytic coating was homogeneous and preserved the composition and nanostructure of the starting powder. The inner titanium sub-oxide coating favored the deposition of anatase particles in the solid state. Agglomerated nano-TiO 2 particles fragmented when impacting onto the hard surface of the APS TiO 22x bond coat. The rough surface provided by APS provided an ideal scenario for entrapping the nanostructured particles, which may be adhered onto the bond coat due to chemical bonding; a possible bonding mechanism is described. Photocatalytic experiments showed that CGS nano-TiO 2 coating was active for photodegrading phenol and formic acid under aqueous conditions. The results were similar to the performance obtained by competitor technologies and materials such as dip-coating P25 Ò photocatalysts. Disparity in the final performance of the photoactive materials may have been caused by differences in grain size and the crystalline composition of titanium dioxide.
Introduction
Reduction of pollutants in the environment has drawn attention on a global framework of different disciplines of research. Development of materials and technologies capable of assuring non-harmful surroundings is challenging a wide range of professionals in the scientific and industrial worlds. Photocatalysis has become an important tool to achieve acceptable levels of depollution. Besides, this process has some advantages toward its competitors: it does not need oxidation agents, and heat is not required for its operation, which reduces the cost of the technology. Nanostructured TiO 2 -anatase coatings are being applied as functional material in this field due to its high photoactivity, chemical stability, relatively low cost, and large active surface (Ref 1) .
Furthermore, the global market for nanotechnology products was estimated at about $15.7 billion in 2010, with an approximate average compound annual growth rate of 11.1%, which included well-established commercial applications in nanomaterials such as the one presented in this study (Ref 2) . Together with the increase in contamination of air and water, industrial and domestic claims may call for large surfaces to be covered by these compounds; for example, by coating processes that can provide balanced performance among cost, yield capacity, operation times, and a satisfactory behavior of the final product.
Adequate efficiencies in heterogeneous photocatalysis are commonly reached by means of applying the active material as a coating. Nonetheless, coating large surfaces with nanostructured TiO 2 is not trouble free. Dip-coating processes are commonly used for depositing coatings for photocatalytic applications at the laboratory scale. However, the slow and careful manufacturing and the high temperatures required for the post-deposition treatment make it difficult to scale-up the manufactured goods (Ref 3). As an alternative, thermal spray (TS) can be applied at a faster rate and more cost effectively to achieve photocatalytic TiO 2 coatings. Scientific reports based on conventional TS processes have been published, and the use of TS technology has been clearly demonstrated. However, the temperatures involved in the atmospheric plasma spray (APS) or high-velocity-oxygen-fuel spray (HVOF) processes have increased the grain size of the initial feedstock and transformed anatase phase to rutile, which is photocatalytically less active. As a consequence, the effectiveness of the obtained samples is reduced .
Alternatively, cold gas spray (CGS) does not require melting of the material to be deposited. Therefore, this technology is able to avoid the undesired phase transformations and growth in the grain size compared with other TS processes. A high kinetic nitrogen stream propels powder particles, which are plastically deformed on impact with the substrate. Metallic layers have been built-up due to the ductility of these materials. Nonetheless, ceramic particles cannot be deposited through plastic deformation, and coating a substrate with this feedstock calls for other alternatives. Commonly, CGS TiO 2 coatings have been built-up by mechanically anchoring the powder particles onto ductile surfaces of different substrates.
Ballhorn et al. (Ref 7) embedded anatase particles by CGS onto a plastic surface for its application as a photocatalyst. The particles penetrated in the polymer and provided a certain area of the metal oxide on the surface, which was intended to enable the photocatalytic degradation of the contaminants. Later on, Klassen and Kliemann (Ref 8) proposed the manufacturing of metallic objects by means of a photocatalytic coating by CGS, where the starting photocatalytic metal oxide powder was mixed with a ductile metallic powder that provided plastic deformation on particlesÕ impact with the substrate surface. The top surface was covered with 30-80% of metal oxide particles, which may limit the final performance of the photocatalyst.
Another procedure was proposed by Yamada et al., which ensured that chemical bonding may permit thick TiO 2 coatings to be obtained by CGS (Ref 9) . Surfaces completely covered by nanostructured anatase particles were obtained with a thickness of more than one hundred micrometers. The particles were not embedded onto the substrate surface; transmission electron microscopy (TEM) revealed that the metal oxide particles were connected as a single crystal. In a further study, the same authors attributed this possibility to a unique chemical route for synthesizing and agglomerating nanostructured anatase crystallites (Ref 10) . Nanoporosity of the TiO 2 starting powder may lead to the breaking down of the particle when impacting onto the substrates. Then, the crystals are decoupled and newly unstable surfaces bond to other counterparts creating more stable interfaces, which allows for the bonding of the newly impacting particles and thus the building-up of the coating.
In the present study, homogeneous nanostructured anatase coatings have been obtained by CGS starting from a powder with the characteristics of previously mentioned studies (Ref 9, 10) . The photocatalytic activity of CGS nano-TiO 2 coatings was tested by the degradation of phenol and formic acid in liquid media.
Materials

Coating Preparation and Characterization
Nanostructured TiO 2 powder (T102, TAYCA) based on anatase phase was used as feedstock for developing the CGS photocatalytic active coating. Commercially available TiO 2Àx rutile (Metco 102, Sulzer Metco) was sprayed onto steel as support for the catalytic layer using an APS A-3000S system with an F4 plasma torch (Sulzer Metco, Germany). Stainless steel substrates were used for the spray coatings. The CGS equipment was a KINETICS Ò 4000 (Cold Gas Technology, Germany), with a maximum operating pressure of 40 bar, temperature of 800°C and nitrogen as the propellant gas. Once spraying conditions were optimized, the coatings were deposited onto stainless steel cylinders (300 9 20 9 10 mm).
Powder and coating cross sections were observed by scanning electron microscopy (Pro-X, Phenom). The grain sizes of the metal oxide powder used in the CGS process were studied by transmission electron microscopy TEM (Hitachi H7100). Crystalline composition of the TiO 2 photocatalytic powders was studied by x-ray diffraction (XRD) using a XÕPert PRO MPD diffractometer (PANalytical). Composition of CGS and TS coatings was analyzed by a micro-Raman technique (Labram HR800, Horiba). The hardness of the CGS top coat was measured at load of 500 mN by means of a MXT-a microhardness tester (Matsuzawa) following the UNE 7-423/2 standard.
The dip-coating used for comparative purposes in the photocatalytic tests was based on Evonik P25
Ò deposited onto a glass cylinder with the same dimensions as the CGS photocatalyst. The immobilization of Evonik Ò P25 TiO 2 powder was carried out by dip-coating procedure using a Dip-Coater KSV-DC, KSV Instrument. A glass tube with similar dimensions as the stainless steel cylinder tube was submerged in a suspension made of the catalyst (4 g/L) in absolute ethanol for 2 min with dipping speed of 10 ± 0.5 cm/min and emerged at a withdrawing speed of 50 ± 0.5 cm/min. Each step involving dipping/withdrawing is defined as a cycle. The dip-coating cycle was repeated 80 times. Afterward, thermal treatment of the coating at 373 K for 2 h was carried out to increase the adhesion of the coating to the glass substrate. The composition of crystalline phases of the T102 and P25
Ò were characterized using XRD (D8 Advance, Bruker). The crystalline size of titania was calculated by means of the Scherrer equation from the broadening of the (1 0 1) reflections for anatase and the (1 1 0) reflections for the rutile. Roughness was measured using a rugosimeter SJ-210 (Mitutoyo).
Photocatalytic Experimental Set-Up
Photocatalytic experiments were carried out using an annular borosilicate glass photoreactor dimensions of which were external diameter 3.2 cm; and length 30 cm. CGS and dip-coating photocatalysts were placed inside the photoreactor. The reactor volume was 110 mL. The UVA-light source consisted of eight fluorescence tubes, model Philips Cleo 15 W, with a spectral peak centered approximately at 365 nm, located outside the reactor. Starting concentrations of formic acid and phenol were 10 mg/L in deionized water. The pH values of the reaction were adjusted to be 3 and 5, respectively. The volume of water treated was 0.3 L, and the inlet flow was 200 L/h, Fig. 1 shows a sketch of the photocatalytic reactor. Before switching on the UVA light, the catalyst was first exposed to the polluted water stream until dark-adsorption equilibrium was reached. The quantification of pollutants was performed by ion chromatography in the case of formic acid. Evolution of phenol concentration was analyzed by liquid chromatography by means of a UV diode array detector. All photocatalytic experiments were performed in triplicate.
Results and Discussion
Coating Development
Regarding the CGS feedstock (T102), nanostructured particles were agglomerated, obtaining a particle size distribution of À30 +10 lm (Fig. 2) . The starting nonagglomerated powder was based on pure crystalline anatase as can be observed from the XRD pattern (Fig. 3) with a crystallite size of 11 nm. The XRD pattern of reference P25
Ò shows that it is composed of a mixture of anatase and rutile phases (80:20), respectively, with an average crystallite size of 20 nm for anatase and 25 nm for rutile. Preliminary trials were carried out by spraying nano-anatase onto smooth stainless steel and ceramic tiles at different spraying conditions ranging from low pressure and temperature values to respective higher values to study the influence of the particle velocity on the deposition behavior. Despite the difference in the operational parameters, the coatings were not built-up for either type of substrates.
Providing roughness to a surface is the usually adopted step for improving the adhesion of the particles in TS processes. Therefore, the substrates were grit-blasted with corundum at 6 bar pressure. Surface roughness values (R a ) of stainless steel and ceramic tiles were 6.7 ± 1.9 and 7.2 ± 3.2 lm, respectively. The same spraying conditions as before were used to coat the grit-blasted substrates. Again, stainless steel was not coated in spite of altering the operational conditions of the process. Ceramic tiles were eroded when operating at higher energetic parameters. However, some deposition was observed at low energetic spraying conditions, where some of the anatase particles were adhered. Some conclusions from the findings could be drawn: (i) the roughness of the substrate was significant; (ii) substrate composition could be providing chemical affinities during the interaction of the particles after the impact; and (iii) hardness of the substrate may be required for easing this interaction. CGS coatings are formed due to plastic deformation of the sprayed particles during impact (Ref 11, 12) . In this case, agglomerated nano-TiO 2 cannot deform plastically, but other mechanisms can occur. Yamada et al. indicated that the breaking down of the particle when impacting onto the substrate may occur, when TiO 2 has certain nanoporosity ( Ref 9) . Besides this, Yang et al. (Ref 13) reported that nanostructured TiO 2 particles could deform during impact under certain operational conditions. Moreover, chemical bonding between particles and substrate or among particles may indicate that the substrate would play a key role in terms of hardness and chemical composition when nanostructured anatase particles are adhered by CGS. Therefore, it was decided to coat stainless steel with titanium sub-oxide (TiO 2Àx ) by means of APS as bond coat. The composition of this bond coat was based on reduced stoichiometries of titanium dioxide; corresponding spraying conditions were reported in previous surveys (Ref 14, 15) . This new coated surface allows for the breakdown/deformation of nano-TiO 2 particles, and its composition may facilitate the formation of chemical bonds and increase the coating adhesion. Moreover, the top surface of an APS metal oxide coating presents a characteristic roughness (9.5 ± 3.1 lm), which was observed to be a key factor during the initial trials. The spray conditions were adjusted to have sufficient particle velocity for activating the bonding mechanisms, but not so high to cause the erosion of the APS TiO 2Àx coating. Figure 4 shows the cross-sectional area of a multilayered sample with a nanostructured anatase coating deposited onto APS TiO 2Àx layer. Detailed observation of the interface between both coatings shows that no delamination was found, and good adhesion was obtained (Fig. 5) . Raman spectroscopy shown in Fig. 6 confirmed that the top surface of the CGS coating was based on anatase phase, which is required to accomplish the photocatalytic process. Besides this, nanotextures present on the top surface of the CGS coating can be observed in Fig. 7 .
In order to explain the building-up of the coating, the following mechanism is described. The microtexture of the APS bond coat produced a profile that favored the anchoring of nanostructured CGS coating. Energy released during cold spraying could be sufficient to create chemical bonds between the particles and substrate. Then, nano-TiO 2 particles were bonded, and the thickness of the coating increased. Although roughness may not be found for easing the adhesion regarding coarser anatase particles that arrived on the substrate after the finest ones were deposited, their affinity could be just enough for creating the required linkage. Figure 8 represents the each step of the possible mechanism. Microhardness of the nanostructured anatase layer has a mean value of 132 ± 32 HV, which is much lower than that of bulk TiO 2 . Spraying process has developed necks among the particles, but the overall structure is not as consistent as the bulk titanium dioxide (in agreement with other authors' findings (Ref 18)).
Photocatalytic Performance
Formic acid and phenol were selected as pollutants in aqueous phase due to their different degradation mechanisms. The photocatalytic degradations of these pollutants in the presence of the coatings are shown in Fig. 9 and 10 , respectively. The photocatalytic degradation of formic acid follows a single-stage oxidation mechanism (yielding CO 2 and H 2 O). Formic acid is oxidized mainly via electron transfer to TiO 2 (Ref 19) . However, phenol is degraded mainly by H-abstraction by hydroxyl radicals (yielding oxidation intermediates) (Ref 20) .
CGS nano-TiO 2 successfully degraded formic acid; no significant differences were observed compared to P25 Ò coating. On the other hand, P25
Ò coating had slightly improved efficiency compared to CGS nano-TiO 2 on the removal of phenol from water. Phenol-type molecules are degraded mainly via hydroxyl radicals. Previous investigations have demonstrated that the formation rate of AEOH on the surface of irradiated commercial P25 Ò was much higher than anatase particle with lower particle size (Ref 21, 22) . Furthermore, the presence of a 20% of rutile phase in P25 Ò TiO 2 can have certain synergetic effect in the production of hydroxyl radicals (Ref 23). It is worth mentioning that only 5 min were required for coating a cylinder with a length and diameter of 30 and 2 cm, respectively, using cold spray equipment. On the other hand, an overall time above 240 minutes was consumed when depositing the P25 Ò coating by means of dip-coating method. Therefore, CGS competitiveness in nano-TiO 2 photocatalysts is not just based on their operational times needed for manufacturing the coatings, but also on the fact that the photoefficiency of this coating on the removal of pollutants from water is comparable to the one obtained when using commonly available standard P25 Ò coatings. Besides this, lower layer based on titanium sub-oxide might not only be favoring the deposition of CGS nano-TiO 2 particles, but could be also acting as a current collector due to its low electric resistivity (0.33 X/cm (Ref 14) .
In this way, new strategies in the fabrication of nanostructured ceramic coatings by means of CGS technology must take into account substrate hardness, roughness, and composition with the purpose of developing respectively the breaking down, entrapping, and chemical bonding between the particles and the substrate.
Conclusions
CGS nano-anatase coatings were deposited onto steel cylinders previously coated with titanium sub-oxide layers obtained by atmospheric plasma spray. The photocatalytic coating preserved its composition and nanostructure of the feedstock powder. Titanium sub-oxide coating provided a necessary surface geometry and composition that favored the deposition of anatase particles, which were not plastically deformed at the impact, but bonded by chemical interactions with the substrate; hard, rough substrate surface may ease the breakdown of agglomerated nanostructured particles and their anchorage. Phenol and formic acid in aqueous phase were degraded, and the results were compared to those obtained using P25
Ò layers obtained by dip-coating. The photocatalytic efficiency of CGS nano-TiO 2 coatings was comparable to the one obtained with P25
Ò for the removal of low concentrations of pollutants from water. 
